Abstract: Soft-shelled turtles (Pelodiscus sinensis) are widely distributed in some Asian countries, and we previously reported that soft-shelled turtle tissue could be a useful material for collagen. In the present study, we performed shotgun liquid chromatography (LC)/mass spectrometry (MS)-based global proteomic analysis of collagen-administered human keratinocytes to examine the functional effects of collagen from soft-shelled turtle on human skin. Using a semiquantitative method based on spectral counting, we were able to successfully identify 187 proteins with expression levels that were changed more than twofold by the administration of collagen from soft-shelled turtle. Based on Gene Ontology analysis, the functions of these proteins closely correlated with cell-cell adhesion. In addition, epithelial-mesenchymal transition was induced by the administration of collagen from soft-shelled turtle through the down-regulation of E-cadherin expression. Moreover, collagen-administered keratinocytes significantly facilitated wound healing compared with nontreated cells in an in vitro scratch wound healing assay. These findings suggest that collagen from soft-shelled turtle provides significant benefits for skin wound healing and may be a useful material for pharmaceuticals and medical care products.
INTRODUCTION
Collagen is a ubiquitous structural protein in both invertebrates and vertebrates, comprising >20 different types based on the function in each tissue. 1, 2 These proteins are involved in the formation of fibrillar and microfibrillar networks of extracellular matrix and basement membranes to maintain the extracellular matrix environment. [3] [4] [5] [6] [7] Recent reports have demonstrated that collagen is able to interact with several cell surface receptors and regulate cell proliferation or apoptosis. 8, 9 In addition, collagen is used for skin substitutes and drug delivery. [10] [11] [12] [13] [14] [15] Therefore, collagen is an important material for cosmetics, pharmaceuticals, and medical care products. Most of the collagen presently in use is derived from bovine and porcine skin. However, allergic reactions and connective tissue disorders, such as arthritis and lupus, have been reported with the use of collagen from these animals. 16 Moreover, these materials can potentially carry animal diseases, such as bovine spongiform encephalopathy and foot and mouth disease. Thus, these animals have been reconsidered as the main source for collagen products. In addition, many Muslims and Jews do not consume pigderived food products, and many Hindus do not consume cow-derived products. 17 Therefore, collagen of marine origin, such as fish, sponges, and mollusks, was recently considered as a useful alternative to mammalian sources because of its high availability. [18] [19] [20] [21] [22] [23] [24] [25] In addition, we previously reported that soft-shelled turtle (Pelodiscus sinensis) tissue could be a useful alternative for collagen. 26 Recently, several reports demonstrated its usefulness, 27, 28 making collagen from soft-shelled turtle a useful material for cosmetics, pharmaceuticals, and medical care products. However, collagen from soft-shelled turtle may differ greatly from that of mammalian resources in regards to physicochemical properties, amino acid compositions, and physiological functions due to the difference in the habitat environment. Therefore, further research is needed before using collagen from soft-shelled turtle as a source for collagen products. In the present study, we performed shotgun liquid chromatography (LC)/mass spectrometry (MS)-based global proteomic analysis of collagen-administered human keratinocytes to examine the functional effects of collagen from soft-shelled turtle on human skin. We found that 187 proteins were differentially expressed in the collagenadministered keratinocytes compared with nontreated cells, and these proteins may be involved in wound healing in human skin.
MATERIALS AND METHODS

Chemicals
The chemicals used in this study were of the highest grade available and purchased from Wako Pure Chemical Industries (Osaka, Japan).
Turtles
Emperor tissue, a soft tissue in the region around the shell of soft-shelled turtles (P. sinensis), was provided by Shinuoei (Osaka, Japan).
Collagen extraction
Collagen extraction was performed in accordance with the our previous study. 26 Briefly, emperor tissue was treated with 0.1M formic acid at a ratio of 1:10 (w/v) for 24 h for demineralization. The sample was then treated with 0.1M sodium hydroxide (NaOH) at a ratio of 1:10 (w/v) for 3 days to remove noncollagenous proteins, including endogenous proteases. The NaOH solution was changed every day. Finally, the sample was incubated with 0.03M citric acid for 24 h. After incubation, the solution was centrifuged at 6500g for 20 min at 48C and the supernatant collected as the collagen solution.
Cell culture
HaCaT immortalized human keratinocytes were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany). The cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) in an atmosphere containing 5% CO 2 .
Cell growth assay Cells were plated at a density of 5 3 10 3 cells per well in a 96-well plate and grown in culture medium. The next day, the medium was changed and cells grown in collagencontaining culture medium. After 72 h, the cells were incubated with WST-8 cell counting reagent (Wako) and the optical density of the culture solution in the plate measured using an ELISA plate reader.
Protein preparation
HaCaT cells were plated in a 60-mm dish at a density of 2 3 10 5 cells per dish and grown in culture medium. The next day, the medium was changed and the cells grown in collagen-containing culture medium. After 72 h, the cells were solubilized in urea lysis buffer (7M urea, 2M thiourea, 5% CHAPS, 1% Triton X-100). The protein concentration was measured using the Bradford method.
In-solution trypsin digestion
A gel-free digestion approach was performed in accordance a previously described protocol. 29 Briefly, 10 lg of protein extract from each sample was reduced by the addition of 45 mM dithiothreitol and 20 mM tris(2-carboxyethyl)phosphine, and then alkylated using 100 mM iodoacetic acid. After alkylation, the samples were digested with trypsin gold, mass spectrometry grade (Promega Corp., Madison, WI, USA) at 378C for 24 h. Next, the digests were purified using PepClean C-18 Spin Columns (Thermo, Rockford, IL, USA) according to the manufacturer's protocol.
LC-MS/MS analysis for protein identification
Peptide samples (2 lg) were injected into a peptide L-trap column (Chemicals Evaluation and Research Institute, Tokyo, Japan) using an HTC PAL autosampler (CTC Analytics, Zwingen, Switzerland) and further separated through a Paradigm MS4 (AMR, Tokyo, Japan) using a reverse-phase C18-column (L-column, 3 lm diameter gel particles and 120 Å pore size, 0.2 3 150 mm, Chemicals Evaluation and Research Institute). The mobile phase consisted of 0.1% formic acid in water as solution A and acetonitrile as solution B. The column flow rate was 1 lL/min with a concentration gradient of 5% B to 40% B over 120 min. Gradient-eluted peptides were analyzed using an LTQ ion-trap mass spectrometer (Thermo). The results were acquired in a data-dependent manner in which MS/MS fragmentation was performed on the two most intense peaks of every full MS scan.
All MS/MS spectral data were searched against the SwissProt Homo Sapiens database using Mascot (version 2.4.01, Matrix Science, London, UK). The search criteria were set as follows: enzyme, trypsin; allowance of up to two missed cleavage peptides; mass tolerance 62.0 Da and MS/MS tolerance 60.8 Da; and modifications of cysteine carbamidomethylation and methionine oxidation.
Semiquantitative analysis of identified proteins
The fold changes in expressed proteins on a base 2 logarithmic scale were calculated using the Rsc based on spectral counting. 30 Relative amounts of identified proteins were calculated using the normalized spectral abundance factor (NSAF). 31 Differentially expressed proteins were chosen so that their Rsc was >1 or 1, which correspond to fold changes of >2 or <0.5.
Bioinformatics
Functional annotations for proteins identified to be regulated by collagen administration were processed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) version 6.8 (http://david.abcc.ncifcrf.gov/ home.jsp).
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Western blot analysis A total of 5 mg of cell extract was added to each well and subjected to SDS-PAGE under reducing conditions. The separated proteins were transferred to polyvinylidene fluoride transfer membranes. Following blocking in TBS-Tween-20 (0.1%) buffer with 5% skim milk for 2 h at room temperature, the membranes were incubated at 48C overnight with an anti-E-cadherin antibody (1:5,000; Cell Signaling Technology, Beverly, MA), antivimentin antibody (1:1000; Cell Signaling Technology), or antisnail antibody (1:1000; Cell Signaling Technology). Next, the membranes were washed and incubated with HRP-conjugated antirabbit IgG antibody (American Qualex, San Clemente, CA). Following washing, the blots were visualized using SuperSignal West Dura Extended Duration substrate (Thermo Fisher Scientific) and bands detected using the myECL Imager system (version 2.0; Thermo Fisher Scientific). Next, the same membranes were reprobed with an anti-b-actin antibody (Santa Cruz Biotechnology, Dallas, TX) to confirm equal loading of the proteins. All Western blot analyses were performed in triplicate.
Scratch assay
Cells were plated in 35 mm dishes (5 3 10 5 cells/dish) and incubated for 24 h at 378C in a humidified 5% CO 2 atmosphere to assure confluency. The center of the monolayer was scratched by scraping the cells with a sterile 200-lL pipette tip. 35 After scratching, the dish was gently washed with PBS to remove the detached cells and the medium changed in collagen-containing culture medium. A microscope system was used to take photographs from the scratch area 0 and 8 h after scratching (Olympus, Tokyo, Japan).
Statistical analysis
All data are presented as the mean 6 standard error of the mean. The data were analyzed using one-way analysis of variance followed by Dunnett's test or the unpaired t test. P < 0.01 was considered significant in all analyses. Computations were performed in GraphPad Prism version 5.1 (GraphPad Software, La Jolla, CA, USA).
RESULTS
Cytotoxicity of collagen against HaCaT cells
To examine the cytotoxic effect of collagen on HaCaT cells, we assessed the cell growth rate when cells were grown in culture medium containing the collagen solution at a concentration of 0.1-100 lg/mL. The growth rate of HaCaT cells cultured in the medium containing collagen was not inhibited at 72 h compared with nontreated cells (Fig. 1) . Therefore, we used 100 lg/mL collagen in the following experiments.
Protein identification and semiquantitative comparison of identified proteins in collagen-administered HaCaT cells
To investigate the effect of collagen on the cells in the basal layer of the skin, we determined the molecular profile of proteins in HaCaT cells whose expression levels were regulated by collagen using shotgun proteomics. We performed a label-free semiquantitative method based on spectral counting to determine the proteins whose expression levels were regulated by collagen. In Figure 2 , each R sc value is plotted against the corresponding protein (X-axis) in increasing order from left to right for proteins identified in collagen-administered HaCaT cells (collagen) and nontreated cells (nontreatment). A positive value indicates increased expression in the collagen-treated cells and a negative value decreased expression in the collagen-treated cells. The NSAF value (Fig. 2, bar) was also plotted on the X-axis for each corresponding protein with collagen treatment above the Xaxis and control below. Proteins with a high positive or negative R sc value would be candidates for proteins regulated by collagen. As a result of semiquantification, a total of 187 differentially expressed proteins were identified (Table I ). The expression levels of housekeeping proteins b-actin, GAPDH, and histone H4 were not changed by collagen administration.
Functional annotation of proteins regulated by collagen
Gene ontology (GO) analysis was performed with the candidate proteins for each biological process [ Fig. 3(A) ], cellular component [ Fig. 3(B) ], and molecular function [ Fig. 3(C) ] using DAVID. Some of the differentially expressed proteins were related to cell adhesion, and we focused on the function of proteins classified as cadherin binding involved in cell-cell adhesion (Table II) .
Effect of collagen administration on the expression level of E-cadherin and EMT marker proteins in HaCaT cells
To investigate whether collagen administration affected the level of cadherin expression, we examined the expression of E-cadherin in collagen-administered HaCaT cells. The expression of E-cadherin clearly decreased with collagen administration compared with nontreated cells (Fig. 4) . Next, we examined the expression levels of vimentin and snail to investigate whether epithelial-mesenchymal transition (EMT) was induced in correlation with the downregulation of E-cadherin. The expression of vimentin and snail clearly increased with collagen administration compared with nontreated cells (Fig. 4) . Effect of collagen administration on keratinocyte migration in a scratch-wound healing process To investigate whether EMT affected the migration capability of HaCaT cells, we performed an in vitro wound healing study using the HaCaT scratch model. Photographs were taken before treatment and after 8 h of incubation at 378C in 5% CO 2 [ Fig. 5(A) ]. Collagen-administered cells significantly facilitated wound healing compared with nontreated cells [ Fig. 5(B) ].
DISCUSSION
In this study, we used a gel-free LC-MS-based proteomics approach to examine the functional effects of collagen from soft-shelled turtle on human skin. Although spectral counting may not accurately reflect the quantity information, 36 it is useful and has been used in many studies, including those searching for novel diagnostic biomarkers. [37] [38] [39] [40] [41] [42] We were able to successfully identify several proteins whose expression levels were changed >2-fold in HaCaT cells by the administration of collagen using a semiquantitative method based on spectral counting. To examine the role of these identified proteins, we performed GO analysis. The functional category that directly relates to cell-cell adhesion was obtained from among the GO terms on molecular function, biological process, and cellular component. We focused on the functions of proteins classified as cadherin binding involved in cell-cell adhesion because they play important roles in cadherin-mediated cell adhesion; thus, changes in the expression levels of these proteins with the administration of collagen from softshelled turtle may affect the expression of cadherin. To evaluate this hypothesis, we examined the expression of a major cadherin protein in epithelial cells, E-cadherin; its expression level was decreased with the administration of collagen from soft-shelled turtle. As down-regulation of E-cadherin is an important factor in EMT induction, we examined the expression of EMT markers in HaCaT cells to investigate whether EMT was induced in keratinocytes by the administration of collagen. The increase in expression of vimentin, a mesenchymal marker, 43 and snail, a major inducer of EMT via suppression of E-cadherin expression, 43, 44 in collagenadministered HaCaT cells compared with nontreated cells suggests that the administration of collagen from softshelled turtle induces EMT in human keratinocytes. Recent studies reported that human collagen type I can induce EMT in some cell types, [45] [46] [47] [48] and collagen from soft-shelled turtle as used in this study may have a similar effect. EMT was originally described as a phenomenon observed during gastrulation in the early embryo. 49 Recently, EMT was considered to be associates with tissue repair responses to injuries in parenchymal organs, including skin. 43, 50 Therefore, we performed an in vitro wound healing assay using a cell scratch model to clarify the effect of EMT of HaCaT cells induced by the administration of collagen from soft-shelled turtle on the wound healing process. The significant promotion of wound healing in HaCaT cells administered collagen suggests that administration of collagen from soft-shelled turtle enhances the wound healing ability of keratinocytes through the induction of EMT. However, the mechanism of the induction of EMT of keratinocytes upon administration of collagen from soft-shelled turtle is unclear. In this study, we focused on the function of proteins listed in Table II , in which the expression level of b-catenin was increased with collagen administration. A previous report demonstrated that overexpression of b-catenin induced cell migration and invasion through the induction of EMT via up-regulation of mesenchymal markers, including vimentin, and down-regulation of epithelial markers, including E-cadherin. 51 Therefore, increased expression of b-catenin may be one of the mechanisms underlying the induction of EMT after the administration of collagen from soft-shelled turtle. Further studies are necessary to clarify the mechanism of increased b-catenin expression and the other mechanisms for EMT induction.
In conclusion, we measured the changes in protein expression in HaCaT cells administered collagen from softshelled turtle using a shotgun LC/MS-based global proteomic analysis and found that the administration of collagen induced the EMT of keratinocytes and facilitated wound healing. Therefore, collagen from soft-shelled turtle may provide significant benefits for skin wound healing and be a useful material for pharmaceuticals and medical care products.
